Increasing attention has been paid to primitive medicinal plants and dietary factors to search for new substances with potentially effective anticancer activity. A large number of natural products have been evaluated as potential chemopreventive or therapeutic agents. In fact, among these compounds, paclitaxel, etoposide, camptothecin, and vincristine, have been used as anticancer drugs. Epidemiological studies have shown that dietary phytochemicals provide beneficial effects on cancer prevention. In this context, evidence-based biofactors for cancer prevention are strongly required for practical use. Among them, polyphenols are of great interest as chemopreventive agents because of their antioxidative and possible anticancer activity. [1] [2] [3] [4] In our series of investigations to search for anticancer agents from plant sources, all the polyphenols and terpenoids tested were observed to induce apoptosis by targeting mitochondria with a decreased membrane potential, leading to the activation of the intrinsic apoptotic signal transduction. [5] [6] [7] [8] In some cases, the early responsive signaling cascades including protein kinases mitogen-activated protein kinase (MAPK) and Akt referring to growth and survival, respectively, were down-regulated. 6, 8) In previous reports, magnolol, a hydroxylated biphenyl compound isolated from Magnolia obovata has been shown to exert inhibitory effect on tumor invasion in vitro 9) and in vivo.
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MATERIALS AND METHODS
Reagents Magnolol was isolated from the stem bark of Magnolia obovata. 9) Magnolol was examined for inhibitory effect on the cell growth in human monocytic leukemia cell line U937. Epigallocatechin gallate (EGCG; Wako, Osaka, Japan) and resveratrol 5) were used as reference compounds, which were prepared as 10 mM in DMSO and then diluted to the desired concentration, before use.
Cell Culture, Viability, DNA Ladder Formation, and Morphological Study Human monocytic leukemia cell line U937 and Epstein-Barr (EB) virus transformed L11 Bcell line which was established in our laboratory were grown in RPMI-1640 medium supplemented with 10% (v/v) heatinactivated fetal bovine serum (Sigma, Tokyo) and 2 mM Lglutamine under an atmosphere of 95% air and 5% CO 2 at 37°C. The number of viable cells was determined by the trypan blue dye-exclusion assay. For evaluating IC 50 , the cells were treated with magnolol at various concentrations for 72 h. The starting cell number was 1ϫ10 5 /ml. For evaluating apoptotic cell death, cells were seeded at a density of 1ϫ10 5 /ml in 15-mm diameter wells and cultured for 24 h, and then DNA ladder formation was examined at various times after the start of treatment with magnolol. For this, cellular DNA was extracted from whole cells by the procedure described previously. 5) RNase was added to the DNA solution at the final concentration of 20 mg/ml, and the mixture was incubated at 37°C for 30 min. After electrophoresis on a 2.5% agarose gel, DNA was visualized by ethidium bromide staining. For morphological examination of apoptotic changes, cells were stained with Hoechst 33342 (5 mg/ml) at 37°C for 30 min, washed twice with phosphate-buffered saline (PBS), pipetted dropwise onto a glass slide, and examined by fluorescence microscopy using an Olympus microscope (Tokyo, Japan) equipped with an epi-illuminator and appropriate filters. To examine the involvement of caspases in apoptosis, the tripeptide pan-caspase inhibitor Z-Val-AlaAsp-fluoromethyl ketone (Z-VAD-FMK) (MBL, Nagoya) was added 12 h before treatment with magnolol.
Western Blot Analysis Before and after treatment with magnolol, U937 cells were washed twice with PBS, lysed in lysis buffer A, B or C, and then homogenized. Lysis buffer A (2ϫPBS, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate and 25ϫComplete, protease inhibitor (Roche, Penzberg Germany)) was used to analyze caspase-3, -8, -9, Bad, Bax and Bcl-2. Lysis buffer B (250 mM sucrose, 20 mM Hepes-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT and 25ϫComplete) was used to analyze AIF, cytochrome c and endonuclease G. Lysis buffer C (250 mM sucrose, 20 mM Hepes-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1% Nonidet P-40, 25ϫComplete, and Posphatase Inhibitor Cocktail 1 and 2 (Sigma-Aldrich Co.)) was used to analyze mitogen activated protein (MAP) kinases and Akt kinase. The mitochondrial and cytosolic fractions were prepared as reported previously. 5) Ten micrograms of protein of each cell lysate was separated by SDS-PAGE by using and electroblotted onto a PVDF membrane ( 
RESULTS AND DISCUSSION

Growth Inhibitory Effect of Magnolol in U937 Cells
We examined the effect of magnolol (Fig. 1) , a hydroxylated biphenyl compound, at various concentrations on the growth in a human leukemia cell line U937, and the results are shown in Fig. 2 . Magnolol caused growth inhibition against the cells, as judged by trypan blue-exclusion test. It was noted that the susceptibility of U937 cells to magnolol was higher than that to EGCG, but was lower than that to resveratrol ( Fig. 2A) . The IC 50 of magnolol was 27.2 mM. Magnolol also exhibited a growth inhibitory effect in EB virus-transformed L11 B-cells which have no genomic abnormality as well as resveratorol and EGCG (Table 1) . Thus, the effect of them was most likely found not only in tumor cells but also in growing normal cells. Then we examined the mechanism for the growth suppression in U937 cells exposed to magnolol.
The growth of the U937 cells was markedly suppressed by the magnolol treatment at more than 20 mM, as compared with the control (Fig. 2B ). When treated with 30 mM magnolol for 72 h, we observed apoptotic changes, which were assessed by morphological parameters (nuclear condensation and fragmentation) (Fig. 3A) and DNA ladder formation (48-72 h) in U937 cells (Fig. 3B) . Taken together, it was indicated that the suppression of cell growth by magnolol was attributed mainly to apoptotic cell death.
Mechanism of Magnolol-Induced Apoptosis in U937 Cells Apoptosis has been well known to be executed by the cascade activation of initiator caspases (e.g. caspase-8, -9) and executioner ones (e.g. caspase-3, -7). To know which caspase(s) is involved in magnolol-induced apoptosis, we examined formation of active forms of caspases in cell lysate by Western blot analysis. Any processed active forms of the caspases tested were not observed in U937 cells after the treatment with 30 mM magnolol. As shown in Fig. 3C , an executioner caspase-3 was not processed. Furthermore, pretreatment with the pan-caspase-like protease inhibitor Z-VAD-FMK did not prevent growth inhibition by magnolol (Fig.  3D) . These findings indicate that caspase may not be involved in the magnolol-induced apoptosis.
Next we examined the mitochondrial pathway which plays a crucial role in propagation and determination of cell death. In 48 h-treated cells, the mitochondrial membrane potential was markedly decreased when examined by the use of MitoTracker fluorescent probe (Fig. 3E) . Although, the level of Bcl-2 expression, which inhibits the loss of mitochondrial membrane potential induced by apoptotic signals, was gradually increased in time-dependent manner even in the cells without the treatment, it was decreased in 48 h-treated cells compared with the control cells. On the other hand, the level of Bax was increased (Fig. 4A) . The level of c-myc protein was also markedly reduced at that time (Fig. 4A) . These findings suggested that cell growth was inhibited in the majority of the cells, in some of which apoptosis was induced at 48 h after the treatment. On the other hand, Western blot analysis did not show the apparent band of released cytochrome c after the magnolol treatment (data not shown). Consequently, caspase-9, which is known to bind to the cytochrome c/Apaf-1 complex, was not activated after the treatment (data not shown). Therefore, we examined two other potent apoptosisinducing potent factors, AIF and endonuclease G, which were known to be released from mitochondria in the apoptotic process. Western blot analysis revealed that the amount of released active AIF at 48 h after the magnolol treatment was dose-dependently increased (Fig. 3F ), but endonuclease G was not detected (data not shown).
Effect of Magnolol on MAP Kinases and Akt Kinase
We examined the activation of MAP kinases in magnolol-induced growth inhibition (Fig. 4B) . Among the kinases, the level of p-p44/42 ERK (pERK) greatly increased at 1 h after the magnolol treatment and then transiently decreased at 6 h (Fig. 4B) . p-JNK was nonspecifically increased at 1 h after the treatment (data not shown). p-p38 and p-Akt were unchanged.
Magnolol, a polyphenol from Magnolia obovata, has been proved to possess an inhibitory effect on tumor invasion in vitro 9) and in vivo. 10) In the current study, we demonstrated that magnolol induced an apoptotic cell death through the type II apoptotic signaling pathway via mitochondria without caspase-activation in human monocytic leukemia U937 cells. It has become increasingly clear that mitochondria play a major rate-limiting role in apoptosis. The decision/effecter phase of the apoptotic process converges on mitochondria, where permeabilization of mitochondrial membranes is triggered, and apoptosis inducing factors such as cytochrome c, AIF, and endonuclease G are released. Our present study has shown that magnolol-induced apoptosis was mediated by a death factor AIF, as judged by Western blotting indicating that the released AIF level was increased after exposure to magnolol at either 20 or 30 mM. Furthermore, the mitochondrial membrane potential was decreased. Concurrently, Bcl-2 was down-regulated while Bax was up-regulated.
Although AIF is known to be a potent factor in the caspase-independent apoptosis, it is not clear as to how AIF causes DNA ladder formation. It has been reported that released AIF was localized around nuclei and partly translocated into nuclei after the treatment of the apoptogenic dolichyl monoposphate in U937 cells, and that both caspase-3 and -8 inhibitors blocked only DNA fragmentation but not AIF migration and chromatin condensation. 11) In our study, the pan-caspase inhibitor did not prevent the apoptotic cell death induced by magnolol. Accordingly, our data raise the possibility that AIF, but not caspases, may play a pivotal role in DNA ladder formation, as reported previously in arucanolide-induced apoptosis. 8) It should be, moreover, noted that magnolol significantly increased the expression of Bax protein, whereas it decreased Bcl-2 expression. Yang et al. also reported that magnolol modulates the expression of Bcl-2 family in CH27 human lung squamous carcinoma cells. 12) These results altogether indicated that the release of AIF with a decreased membrane potential and also modulation of the expression of Bcl-2 protein family may be responsible for magnolol-induced apoptosis in U937 cells. The polyphenols and terpenoids exhibiting an anti-cancer activity have been shown to affect activation of MAPK and Akt pathways. 6, 8) In magnolol-induced apoptosis, the increased level of pERK1/2 at 1 h after treatment was transiently reduced at 6 h after the treatment, but, phosphorylation levels of p38 and JNK kinases were not altered. Recently, it was reported that ERK1/2 in glutamate toxicity in HT22 mouse hippocampal cells plays dual roles in acting as part of a cellular adaptive response during the initial phases of glutamate-induced oxidative stress and contributing to toxicity during later stages of stress. 13) Such dual responses were appeared in the current case. Further study to clarify the relationship between the early response signal and the apoptosis signal will be needed. Nevertheless, magnolol, which is constituent of Chinese medicinal herb, could be a potentially effective candidate for chemoprevention. 
